ABSTRACT Experiments and models are described that quantify the functional responses of the larval and adult stages of the sevenspot ladybeetle, Coccinella septempunctata L. toward mixed stage populations of the cotton aphid, Aphis gossypii Glover, in cotton. In the laboratory, functional responses were measured for Þve beetle stages and three size groups of prey at Þve temperatures (15 to 35ЊC). The 75 resulting functional responses were each characterized by a search rate (cm 2 / predator/d) and a handling rate (prey/predator/d). Both search and handling rates increased with predator stage. Search rates increased, while handling rates decreased, with prey size. Search rate increased linearly with temperature, while handling rate showed an optimum response to temperature. Field cage studies were conducted to verify whether the search rates determined in the laboratory were valid under Þeld conditions. Search rates of predators derived from observations in Þeld cages yielded parameter estimates that were similar to those found in the laboratory. A comprehensive model, allowing for effects of temperature, stage distribution of the aphid population, and plant leaf area on predation rate, was then constructed to calculate predation by larvae and adults of C. septempunctata on multi stage populations of prey. This model gave good correspondence to the cage observations if two-sided leaf area was input into the model as search substrate for the predator. The model appears suitable for calculating predation rates of C. septempunctata on A. gossypii under Þeld conditions. A sensitivity analysis of the functional response model shows the crucial effect of crop leaf area on predation.
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KEY WORDS Coccinella septempunctata L., Aphis gossypii Glover, functional response, simulation model, leaf area, temperature COTTON APHID, Aphis gossypii Glover (Homoptera: Aphididae), is a cosmopolitan pest species that is a major pest and virus vector in Þeld crops in the tropics and in glasshouse crops in temperate regions (Blackman and Eastop 1985) . A. gossypii is the key pest of seedling cotton (Gossypium hirsutum L.) in the provinces Hebei, Shandong, and Henan of Northern China, with a total cotton growing area of Ϯ3 million ha (Fang et al. 1992) . Infestations with cotton aphid occur generally during mid-May, when the crop is hardly beyond the cotyledon stage and very vulnerable to aphid injury. Incidence often approaches 100% (Fang et al. 1992) . Biological control is of enormous importance, especially because of pesticide resistance in the aphid population (Xia 1993) . The sevenspot ladybeetle, Coccinella septempunctata (Coleoptera: Coccinellidae) is the most inßuential of all natural enemies during the cotton seedling phase in this region (Beijing University 1984) .
The impact of C. septempunctata on A. gossypii is greatest in cotton/wheat relay intercrops (Xia 1994 , Xia et al. 1996 , which produce Ϯ60% of the cotton yield of Northern China. These relay intercrops consist of one or two rows of cotton, alternated with three or four rows of wheat, whereby the wheat is sown in the fall and harvested in June, while the cotton is sown in May, during the ripening of the wheat, and harvested in the fall. The ripening wheat harbors significant numbers of natural enemies that spend a small proportion of their time foraging in the seedling cotton, while their main resource base, cereal aphids, is in the wheat. The intercropping system has a high land use efÞciency (Zhang and Li 1997) and helps to control A. gossypii (Xia 1994 (Xia , 1997 .
One of the key elements in assessing the impact of ladybeetle populations on aphid population growth, both in cotton/wheat intercrops and in cotton monoculture, is knowledge of the predation rate, which varies in response to prey density according to the functional response (Holling 1959 , 1966 , Juliano 1993 Rogers 1972 ). An assessment of the potential impacts of C. septempunctata on North China cotton aphid should ideally be based on knowledge of the functional responses of all beetle stages to all aphid stages, at a range of temperatures. Such a comprehensive overview is lacking in the literature. Moreover, the published studies that measured predation, did so only under laboratory conditions (Beijing University 1984 , Dong and Wang 1989 , Fang et al. 1992 , and may not be valid under Þeld conditions (Frazer and Gilbert 1976 , Luck et al. 1988 , OÕNeil 1988 , 1989 , Wiedenmann and OÕNeil 1991 . Therefore, we have two problems: the stagespeciÞc interactions that need to be quantiÞed, and the scaling up from the laboratory to the Þeld.
Two fundamentally different approaches to calculating functional responses can be found in the literature. One is mechanistic, and tries to explain the functional response by quantifying underlying behavioral processes (walking pattern, prey discovery, and attack frequency) and physiological processes (ingestion, excretion, and digestion) as well as their linkage through motivation (e.g., Holling 1966 , Mols 1993 . The second approach is descriptive, and tries to Þt laboratory or Þeld measurements with functional response models to predict predatory impact in mixed predatorϪprey populations (e.g., Holling 1959 , Rogers 1972 . We chose the latter approach because of its greater practicality for our purpose of predicting predation for mixed-stage predator and prey populations in the Þeld.
The objectives of this study were, therefore, (1) to determine the functional responses of Þve foraging stages of C. septempunctata to three size groups of A. gossypii at Þve temperatures; (2) to predict Þeld predation rate of cotton aphid by sevenspot ladybeetle on cotton, with a simulation model that is based on functional responses measured in the laboratory; and (3) to test such a model with data collected in large Þeld cages.
Materials and Methods

Laboratory Measurements of Predation
Experimental Design. Functional responses of C. septempunctata larvae and adults were determined in July and August 1993, using three size groups of A. gossypii as prey. Predator larvae were of mixed sex, whereas only the female adults were used. Responses were tested at Þve temperatures: 15, 20, 25, 30, and 35 Ϯ 0.5ЊC.
Cultures of C. septempunctata were started with pupae that were collected on wheat in May 1993, and kept in glass petri dishes at 25 Ϯ 0.5ЊC until adult emergence. MaleϪfemale pairs of emerging adults were transferred to glass containers (10 cm diameter and 15 cm high) and reared with cotton aphids. Their progeny were used for experiments. Prey aphids were collected on cotton in the Þeld. Three cotton aphid size groups were deÞned: "early instars," consisting primarily of Þrst and second instar nymphs, "late instars," consisting primarily of third and fourth instar nymphs, and adults. Circular plastic containers (5.2-cm inner diameter and 6.9 cm height), with moist Þlter paper on the bottom, were used as experimental arenas. Young, injury-free cotton leaves with a surface area of 30 Ϯ 5 cm 2 were collected from Þeld cages to serve as search substrate. Prey aphids were transferred one by one to the lower side of the collected cotton leaves with a brush until the designated density had been achieved. Six density levels were used for measuring each functional response. These varied according to the predator by prey stage combination (Xia 1997) . L1 predators, for instance, were provided with 10 adult aphids or 20 early instars per container at low prey density, and with 35 adult aphids or 80 early instars at high prey density. For adult predators, the corresponding numbers were 50 adults or 100 early instars at low prey density and 200 adults or 350 early instars at high prey density. After the aphids had been transferred, the leaf was slightly rolled and placed in a slanted or vertical position inside the container, with the lower side of leaves facing inwards. The top of the container was sealed with Þne mesh nylon gauze.
Predators were preconditioned to standardize their hunger level. Larvae were 6 h old after the last molt and starved for 12 h. Female adults were 24 h old and starved for 24 h. Control containers with no predators were used for estimating background mortality of the aphids. After 24 h, the numbers of surviving aphids were counted. Partially or entirely eaten aphids were counted as victims of predation. Injured aphids are easily recognized by a reddish discoloration. For each combination of predator stage, prey group, prey density, and temperature, 10 replicate measurements were made. A relative humidity of 70 to 90% and a photoperiod of 14 h were maintained in all experiments. The whole experiment entailed the preparation and evaluation of 4,500 containers (75 ϫ 6 by 10).
Analysis. Predation mortality was calculated with AbbotÕs formula:
where N e represents the number of prey predated, N 0 represents the initial number of prey, N d represents the number of prey eaten and dead in the treatment, and N c represents the number of prey dead in the control. RogersÕ random predator equation (Rogers 1972 ) was used to describe the functional responses measured in the laboratory trials:
where N e and N 0 have the same meanings as deÞned in equation 1, a is the search rate (cm 2 /predator/d), A is the area of the substrate (i.c. 30 cm 2 one-sided), H is handling rate (prey/predator/d), and ⌬t is the duration of the experiment (i.c. 1 d). This equation allows for the fact that consumed prey were not re-placed during the experiments, which results in the predation rate decreasing as prey are consumed.
The corresponding differential equation, which forms the basis for the simulation model at Þeld level, expresses the rate at which a single predator removes prey dependent upon prey density (N/A):
where f [N] is the functional response. Equation 2 is the integrated form of equation 3. The parameters a and H were estimated by nonlinear least squares regression of equation 2 to the laboratory data (Juliano 1993) , using the NLIN procedure of SAS 6.1 for PC (SAS Institute 1993 , 1995 . We used three-way analysis of variance (ANOVA) of the Þnal parameter estimates to verify whether there were signiÞcant effects of predator stage, prey size group and temperature on functional response parameters. The parameter values were log transformed before analysis as the results (see below) suggested multiplicative rather than additive effects, while the errors of estimates tended to increase proportionally with the estimated values. The three-way interaction was used for estimating error variance. Marginal means were calculated for the main effects (predator stage, prey size, and temperature). These were then back-transformed to the original scale of measurement and normalized to percentages to compare on the original scale of measurement (but in a relative sense), the predation rate of different predator stages, toward different size groups of prey, and at different temperatures. The back-transformed normalized values represent a geometric mean relative value of the parameter. These values are very similar to more easily understood arithmetic means which were also calculated, and used in the text to discuss trends in the estimated parameter values in relation to predator stage, prey size, and temperature. For instance, the arithmetic mean relative handling rates of the Þve beetle stage were calculated by Þrst calculating, at each combination of prey size group (3 levels) and temperature (5 levels), the relative handling rate of a beetle instar, compared with adult, and then averaging the 3 ϫ 5 ϭ 15 obtained percentages. ANOVAs were carried out using the General Linear Models procedure in SPSS for Windows version 10.
Linear regressions were used to describe predatorprey stage speciÞc search rates (a) as a function of temperature, while an optimum type of relationship, suggested by Mack and Smilowitz (1982) , was used to describe predator-prey stage speciÞc handling rates (H) as a function of temperature. These regression are used in the simulation model for use at variable temperature under Þeld conditions.
Field Measurements of Predation
Experimental Design. Field experiments were conducted at the China Cotton Research Institute (CCRI), Anyang, Henan Province (36.07Њ N latitude and 114.22Њ E longitude) between 3 and 28 June 1994. Predation by the four larval stages and adults of C. septempunctata was measured in 25 Þeld cages (surface area of three by three m, and two m high) with 40 cotton plants. The cages had metal frames and sides of Þne mesh nylon gauze. The use of cages prevented immigration and emigration of both aphids and coccinellids and excluded other natural enemies that had been removed from the cages. Hence, the population dynamics in the cage measures a combination of aphid population growth and ladybeetle predation without further complicating biotic interactions. The cages were inoculated with newly emerged adult cotton aphids on three June 1994 when the plants were in the three true leaf stage. Five cages each were inoculated with 1, 2, 3, 4, or 5 aphids per plant. Field collected ladybeetle individuals, one per plant, were introduced at the time when a predator stage was predominant in the Þeld: 5 June for L1, 8 June for L2, 15 June for L3, 25 June for L4, and 28 June for adults. One cage from each aphid density was used for each of the beetle stages, resulting in a series of Þve prey densities for each beetle stage. The released predator larvae were 6 to 12 h old and starved for 12 h, while the predator adults were 2 to 5 d old and starved for 24 h. Aphid density was determined on all plants in the cage immediately before the introduction of predators and after 24 h. Leaf area from 10 cotton plants, randomly selected in each cage, was measured with a Li-Cor 3000 area meter.
Simultaneously, the population increase of A. gossypii was measured in Þve control cages. Two newly emerged apterous adult aphids were introduced on each plant in each cage on 8 June. Observations on aphid number per plant were made daily on all plants in each cage for the next 20 d. Ambient temperatures in the Þeld cage were measured with a thermograph in a screen cage, placed at plant level. The observations in control cages served to make allowance for prey population growth in the cages, when the predation rate was calculated.
Analysis. The difference in aphid density between cages with and without predators is a result of a combination of (1) predation-inßicted aphid mortality (direct predation effect), and (2) killed aphids not contributing to further population growth (indirect predation effect). Without predators, the aphid population would grow exponentially (Xia et al. 1999a ):
where N(0) is the initial number of prey per plant in the cage, N or N(t) is the number of prey per plant in the cage at time t; and r is the intrinsic rate of increase of the prey population. This intrinsic growth rate was estimated from the cages without predators as:
In the cages with predators, the aphid population would grow or decrease, based on the balance of population growth and predation.
where r, N and f [N] are the same as deÞned before, and P the number of predators per plant. The cage experiments were conducted at relatively low aphid densities (see results). Therefore, the functional response of equation 3 can be linearized to f [N]ϭaN/ A, and the aphid population dynamics, with P constant, would be exponential according to:
From the results of each single cage study, a search rate a can then be estimated as:
This is an "aggregate" search rate for a mixed prey population at varying temperature, which can only broadly be compared with the prey stage and temperature-speciÞc search rates measured in the laboratory. The number of aphids eaten per predator between times 0 and t is then the integral of the functional response over time:
yielding as a solution:
A simpler equation for calculating predation from the cage data were derived on the basis of the assumption that predation rate was constant during the 1 d of a cage experiment (Appendix). This equation was used to check whether the predation "toll," calculated with equations 8 and 10, was sensitive to the relaxation of the assumption of density dependent predation.
Simulation of Predation in Mixed Prey and Predator Populations
The most direct way to relate the laboratory data to the cage data on Þeld predation is to simulate expected predation in the Þeld in a simulation model that includes the functional responses measured in the laboratory and incorporates the effects of temperature Early prey instars (L1 & 12)
Late prey instars (L3 & L4)
Adult prey aphids
{ Above equations represent the predation rates of a predator individual of a certain stage with respect to three size groups of prey (early and late instars, and adults), which are essentially competing for the predatorÕs limited foraging time. The subscripts 1, 2, and 3 represent the early instar, late instar, and adult prey, respectively; N 1 , N 2 , and N 3 represent the numbers per plant of these three respective prey size groups; f 1 , f 2 , and f 3 represent the predation rates on the three prey size groups; a 1 , a 2 , and a 3 are the search rates of the predator for the three prey size groups (cm 2 /predator/d); H 1 , H 2 , and H 3 are the handling rates for the three prey size groups (prey/predator/d); and A is the leaf area per plant (cm 2 ). A set of equations was set up, with appropriate parameter values, for each of the Þve predator stages. Parameter values were taken from the laboratory studies. Inßuences of temperature on parameter values were included by using regression equations that relate prey and predator stage-speciÞc search and handling rates to temperature. The model was coded in a PC version of Continuous System modeling Program (IBM 1975 , Jansen et al. 1988 ) and solved using rectilinear (Euler) integration with a time step of 0.01 d.
For each of the 25 cage-experiments, the number of aphids eaten, according to the simulation model was compared with the number that was eaten, estimated from the cage data with equations 8 and 10 or with equation 14 (Appendix). Simulations were initialized with the aphid density observed before introduction of predators. As input for the stage distribution of the aphids in the simulations we used 34% L1, 25% L2, 17% L3, 13% L4, and 11% adults. This distribution was observed in two studies in 1993. The Þrst study was conducted from 22 May until 11 June 1993, the second from 16 June until 4 July 1993. Ten potted cotton seedlings in the 2 to 3 leaf stage were caged outdoors individually. Each was infested with 10 Þrst instar nymphs. Stage distribution was observed after 20 d.
An evaluation of the goodness of model predictions was made by comparing the simulated integral of predation rate (number of aphids eaten per predator in 1 d) to the estimated number of aphids eaten per predator in each Þeld cage (equation 10). Deviations between simulated and observed predation were made relative to the observed predation (%), and the signiÞcance of their deviation from 0 was tested with t-test for each of the beetle stages separately (n ϭ 5) and for all the cages studies (n ϭ 25) combined.
Sensitivity analyses were then carried out with the model to investigate impacts of crop leaf area and temperature on Þeld predation rate of C. septempunctata to A. gossypii. The effect of plant leaf area on Þeld predation rate was evaluated by increasing/decreasing leaf area by 50%, and the effect of temperature was evaluated by increasing/decreasing daily maximum and minimum temperatures by 5ЊC. The sensitivity analysis was made with reference to the cage studies in June 1994. The predation rate of each of the Þve predator stages toward mixed size groups of prey was thus tested.
Results
Laboratory Measurements of Predation. All measured functional responses followed an initially linear and at higher densities saturating type II shape, to which the random predator equation (equation 2) provided good to excellent Þts (Fig. 1) , with r 2 ranging from 0.89 to 0.99. Fitted parameter values for search and handling rate, that characterize each of the 75 measured functional responses are given in Tables 1  and 2. ANOVA of these search and handling rates indicated highly signiÞcant of the three main effects (predator stage; prey size group; temperature; P Ͻ 0.001 for all three main effects) and a distinct separation of levels of each of the three factors, the only exceptions being the similarity of search rate toward "late instars" and adult aphids, and overlapping conÞdence intervals for the marginal means representing handling rate at high temperatures (Table 3) . Interaction terms were mostly also signiÞcant, the only exception being BEETLE * APHID with respect to Tables 1 and 2. log(H). Trends in the data are discussed, using arithmetic means of relative parameter values. These are mostly similar to the geometric means given in Table  3 .
Search rate of predator stages increased in the order: L1 Ͻ L2 Ͻ L3 Ͻ Adult Ͻ L4 (Tables 1 and 3) . The percentage values, expressing search rate of L1, L2, L3, adult, and L4, and averaged over the 15 combinations of prey size group and temperature, are: 27, 41, 57, 68, and 100%, respectively. The fourth instar thus has by far the greatest search rate.
Handling rate of predator stages increased in the order: L1 Ͻ L2 Ͻ L3 Ͻ L4 Ͻ Adult (Table 2 ). All marginal means of handling rate were statistically signiÞcantly different (Table 3 ). The respective percentage values (averaged over temperatures and size groups of prey) are: 21, 34, 55, 85, and 100%. Hence, comparing L4 and adults, the L4 has a greater search rate, but the adult can kill more prey per unit time.
There was little difference in search rate with respect to different size groups of prey for one and the same predator stage (Tables 1 and 3 ). The respective percentage values for early instars (L1 and L2), late instars (L3 and L4), and adult prey are 85, 100, and 98%. At 15ЊC, the search rate toward late instars, compared with adult prey, was greater than at other temperatures. If the data for 15ЊC are excluded, the percentage values for the search rate toward early instars (L1 and L2), late instars (L3 and L4) and adult prey are 78, 94, and 100%. In an ANOVA excluding the data collected at 15ЊC, the interactions were insigniÞcant, conÞrming that the stage speciÞcity of the predatorprey interaction at this low temperature is dissimilar from that at the other four temperatures.
Handling rate for prey size groups increased in the order: adults Ͻ late instars Ͻ early instars (Tables 2  and 3 ). The respective percentage values (averaged over beetle stages and temperatures) are: 34, 52, and 100%. Thus, substantially more small prey can be killed in comparison to large prey. Search rate increased substantially with temperature in the order: 15ЊC Ͻ 20ЊC Ͻ 25ЊC Ͻ 30ЊC Ͻ 35ЊC (Tables 1 and 3 ). The respective percentage values (averaged over beetle stages and size classes of prey) are: 23, 39, 57, 68, and 100%.
Handling rate was greatest at 25ЊC, slightly lower at 20, 30, and 35ЊC, and substantially lower at 15ЊC (Tables 2 and 3). The respective percentage values for the Þve temperatures (averaged over beetle stages and size groups of prey) are 66, 92, 100, 95, and 94% at 15, 20, 25, 30, and 35ЊC, respectively. Figures 1, 2, and 3 illustrate the noted trends graphically, by giving representative examples of functional responses (Fig. 1) , relationships between search rate and temperature (Fig. 2) , and relationships between handling rate and temperature (Fig. 3) . The slight curvilinear trend shown in Fig. 3 is representative of the 15 such relationships obtained in the study. The curvilinearity of the response is also evident from the separation and nonseparation of factor levels in Table  3 .
Estimates of Search Rates in Field Cages. The ultimate question is whether predation rates measured in the laboratory hold in the Þeld. As an intermediate step in this analysis, search rates were calculated from the results of each of the 25 cage experiments. These yield an "aggregate" estimate for predator search rate in a mixed prey population at varying temperature, according to equation 8. The resulting search rates for the predator stages L1, L2, L3, L4, and adult were 39.1, 35.8, 42.8, 101.2, and 139.5 cm 2 /predator/d, respectively (Table 4) , that is, in the same order of magnitude as those reported in Table 1 . A requirement for a valid application of equation 8 is that population growth is indeed exponential. This was indeed the case (data not shown). The relative rate of increase was 0.20 d
Ϫ1
. Predation rates, estimated from cage observations according to equations 10 and 14, which are based on the assumptions of density-dependent and densityindependent predation rate, respectively, differed Ͻ1% in all cases (Table 4), indicating that methodical errors, related to the underlying assumptions of the equations 8, 10, and 14, were negligible. The number of aphids consumed, estimated from the cage observations with equation 10, are shown as dots in Fig. 4 . They are compared with simulated predation rates in the next section.
Simulation of Predation in Field Cages. Simulation is the best way to verify whether the functional response model of equation 11 can realistically predict predation under Þeld conditions. In the simulations, the effect of temperature was taken into account realistically, using for each predator stage the linear relationships between temperature and search rate (e.g., Fig. 2 ) and the optimum relationship between temperature and handling rate (e.g., Fig. 3 ). Simulation results, expressed as predation rate (prey/predator/d), are compared with cage study results, processed with equation 10 (Fig. 4; Table 4 ). The Þrst simulation was made with one-sided leaf area. The predation rate in this case was overestimated. The percentage overestimation varied by stage: on average 23% for L1, 62% for L2, 67% for L3, 53% for L4, and 56% for adult predators. The overall percentage prediction error for the 25 cage experiments was ϩ52.3% with a standard error of 6.9%, indicating signiÞcant difference between simulation and observation. A second simulation was made with double-sided plant leaf area ( Fig. 4; Table 4 ). In this case, model prediction errors were moderate to negligible: an average of Ϫ27.9% for L1, Ϫ1.8% for L2, ϩ0.4% for L3, ϩ0.3% for L4, and Ϫ3.8% for adult predators. The overall percentage prediction error for the 25 cage experiments was Ϫ4.3% with a standard error of 4.5%, indicating no signiÞcant difference between simulation and observation. No further attempt was therefore made to improve the Þt of the simulation model by calibration.
Results of sensitivity analyses with the model for adult predators are shown in Fig. 5 . A 50% reduction in cotton leaf area increases predation rate by 25%, whereas a 50% increase in leaf area led to a 38% decrease in predation rate (Fig. 5A ). The effect of temperature on predation by adult C. septempunctata is presented in Fig. 5B . An increase of 5ЊC in daily maximum and minimum temperatures resulted in 3% increase in the predation rate, whereas a decrease of 5ЊC in temperature led to a reduction in predation rate with 14% (Fig. 5B) . The asymmetry of response is related to the high temperatures in the Þeld cage (Table 4 ) and the optimum shape of the response of handling rate to temperature (Fig. 3) . In addition, the survival of adult predators, as illustrated by the simulation, decreases by 5% when daily maximum and minimum temperatures were increased by 5ЊC, whereas it increased by 3% when temperatures decreased by that amount. Predation by the other four predator stages reacted similarly to changes in leaf area and temperature (not shown).
Discussion
Our experiments were initiated to obtain realistic descriptions of the predation impact of a mixed stage population of the ladybeetle C. septempunctata on the growth (or decline) of a mixed stage population of its prey, the aphid A. gossypii, in cotton under Þeld conditions. The measurement of functional responses in the laboratory carries the important risk of artiÞcial results, because of the unnatural conditions under which prey are provided to predators. Therefore, it is necessary to make measurement also under Þeld conditions, which we did in Þeld cages. The more natural conditions provide a better chance that realistic parameter values are obtained, although under these conditions a more limited set of predator-prey interactions can be studied than in the lab. Our Þeld measurements yielded estimates of search rate which are in the same order of magnitude as those measured in the lab, which is reassuring, but not necessarily proving that the lab. results are reliable. It is not possible Fig. 3 . Relationships between temperature and handling rate of C. septempunctata female adults feeding on early instars (A), late instars (B), and adults (C) of A. gossypii on cotton. Bars represent 95% conÞdence intervals. The Þtted optimum response curves are based on an equation given by Mack and Smilowitz (1982) . to draw direct conclusions as to the goodness of the correspondence between lab and Þeld estimates of search rates because the aphid stage distribution and temperature were not controlled in the Þeld. The Þnal test as to whether lab studies could be used to make predictions about predation rate in the Þeld was made by simulating expected predation during 1 d in the Þeld cages, using a simulation model that combined the lab-determined functional responses in a multi-stage functional response, with temperature dependent parameters. It was shown that this model gave inadequate results when one-sided leaf area of the crop was used as search area in the model, whereas comparatively satisfactory results were obtained when two-sided leaf area was used as search substrate (Fig. 4) . This Þnding should not be interpreted as "proof" that predators search both sides of the leaves. Field observations show predators spending time on branches, petioles, and soil between plants, and comparatively little time on upper leaf surfaces. As for the leaves, the edges are traversed more often than the surface areas. Hence, the factor two (double-sided leaf area) merely indicates that compared with a 30 cm 2 leaf in a container in the laboratory, predators scan true leaves in the Þeld approximately half as efÞciently for aphids. This might implicate that in the Þeld, the predatorÕs time at the sites where the aphids are (mostly the lower leaf surfaces and shoot tips) is halved, compared with the petri dish, or that their behavior in this area is less efÞcient.
It is difÞcult to produce realistic simulations of predator impacts on pest populations under Þeld conditions. Complications arise because of the different stages involved, effects of host plant on prey population growth, effect of weather on pest mortality, effects of alternative food items on predator motivation (hunger and search rate), diurnal variation in functional response (temperature; light), and effects of alternative predators on prey survival, etc. . Hardman et al. (1999) give a telling account of a 20 yr search for reliable simulation of a predatorϪprey interaction in orchards, with some successes and many failures. A Þnal "good" model in HardmanÕs case has not yet been developed, but the modeling process, with repeated cycles of model evaluation, rejection, formulation of new questions, design of new experiments, and model improvement, has provided important insights in the functioning of pestϪpredator systems in the Þeld, which is often notoriously complicated.
In our case, the test of the laboratory-based functional responses in Þeld cages was encouraging. A factor two (double-sided leaf area) to adjust for differences in search substrate area under laboratory and Þeld conditions is certainly within the range that might be expected if laboratory data are used to parameterize a model for use in the Þeld (see also OÕNeil 1988 OÕNeil , 1989 . Some further improvement of prediction may be possible by calibration of the factor accounting for leaf area searched, but this was not attempted because it would "tune" the model to the results of the cage studies, resulting in potential loss of generality.
The approach used in the current study to predict the Þeld predation rate of A. gossypii by C. septempunctata on cotton is, in essence, descriptive. Behavioral components involved in the predation process were not considered explicitly but summarized and aggregated in the search and handling rates. Thereby, the quantitative estimates of the handling rates, according to equation 2, are extrapolations for "inÞni-tive" (unrealistic) prey densities, and the actual predation rates observed were all well below the theoretical maxima reported in Table two (Fig. 1) . The chosen descriptive approach made it feasible to characterize the predator-prey interaction for Þve beetle stages and three aphid size groups at Þve temperatures, which would have been impossible had a more mechanistic approach at a lower level of process description been taken. This model of the temperature-dependent functional response can be combined with life table information about A. gossypii (Xia et al. 1999a) and C. septempunctata (Xia et al. 1999b ) to explore options for the biological control of A. gossypii with C. septempunctata in different cropping systems.
